Background. The time to acquisition of simian immunodeficiency virus (SIV) infection following low-dose repeated rectal challenge correlated inversely with the number of transmitted/founder strains among macaques vaccinated with ALVAC-SIV/gp120 or gp120 alone. We determined if the ability of postvaccination, prechallenge sera to enhance SIVmac251 transcytosis across epithelial cells was associated with transmitted/founder strain number.
The RV144 vaccine trial demonstrated limited but significant protection from primarily heterosexually transmitted human immunodeficiency virus (HIV) infection among Thai men and women [1] . The vaccine regimen consisted of priming with 4 injections of ALVAC expressing human immunodeficiency virus type 1 (HIV-1) Gag-Pro and gp120 and 2 booster injections with recombinant gp120. Two other trials, VAX003 and VAX004, employing repeated injections of gp120 without ALVAC priming, failed to show efficacy [2, 3] . In an attempt to model the findings of the RV144 and AIDSVAX trials, Pegu et al used a low-dose, repeated SIVmac251 rectal challenge of rhesus macaques immunized with either ALVAC-SIV/gp120 in alum, SIV gp120 in alum, or alum alone (controls) [4] . Three of 11 macaques in the ALVAC-SIV/gp120 group were protected as was 1 of 12 gp120-vaccinated animals. Although there were no significant differences in the time to acquisition of SIVmac251 infection between the groups, antibody in the prechallenge sera of the 4 vaccinated, uninfected macaques had significantly higher avidity to gp120 than did the sera of animals that became infected. Neither serum neutralizing nor antibodydependent cell-mediated cytotoxicity (ADCC) activity was associated with acquisition of infection. Unexpectedly, the investigators observed an inverse correlation between the number of transmitted SIVmac251 variants that established infection and the time to infection acquisition in both the ALVAC-SIV/gp120 group (R = −0.84, P = .0025) and the gp120 group (R = −0.65, P = .028) but not in the control group (R = −0.31, P = .42). This finding presents an interesting conundrum because whereas some vaccinated animals might have been protected by the vaccine ( particularly the ALVAC-SIV/gp120 vaccine), vaccination also appeared to be associated with the early transmission of a higher number of virus variants.
We recently described the effect of immunoglobulin G (IgG) antibodies and acidic pH on transcytosis of HIV-1 across polarized epithelial cells [5] . Our findings demonstrated that virus transcytosis is enhanced in the presence of Env-specific IgG antibodies and acidic pH at the apical surface, as compared to transcytosis with no or nonspecific IgG or with Env-specific IgG at neutral pH. Moreover, we established that this enhanced transcytosis was dependent on the Fc neonatal receptor (FcRn), an MHC class I-like molecule that binds IgG and immune complexes at low pH and releases them at neutral pH [6, 7] . Because the pH of the macaque rectal luminal surface can be acidic and the subepithelial mucosal tissue where infection is likely to occur is neutral, we tested the possibility that FcRn-mediated enhanced transcytosis, due to vaccine-elicited antibody, might be associated with the number of transmitted SIVmac251 variants in ALVAC-SIV/gp120-and gp120-immunized macaques [8] .
METHODS

Animal Studies
The study design has been described elsewhere [4] . Briefly, Indian rhesus macaques were immunized intramuscularly with ALVAC-SIV and gp120 in alum (n = 11), gp120 in alum (n = 12), or alum alone (n = 11). ALVAC-SIV (which expressed simian immunodeficiency virus [SIV] Gag, Pol, and Env) was given at 0, 4, 12, and 24 weeks, and the gp120 was given at 12 and 24 weeks. The control group received alum at 12 and 24 weeks. Starting at week 28, all macaques were challenged weekly per rectum with a 1:500 dilution of SIVmac251 (120 50% tissue culture infective doses). Blood and other specimens were collected at intervals for SIV RNA and DNA determinations and for various immunological assays.
Transmitted/founder variants were identified by singlegenome amplification and direct sequencing of the env gene using SIV RNA from plasma as part of the published macaque vaccine study [4] . Briefly, SIV RNA was extracted, and limitingdilution polymerase chain reaction (PCR) of synthesized complementary DNA (cDNA) was conducted. Transmitted/ founder lineages were identified by phylogenetic analysis within the context of inoculum sequences as described previously [9] . The number of variants used for analyses were reported in Pegu et al [4] .
Transcytosis Assay
Transcytosis of SIVmac251 was conducted by modifying methods described in detail for HIV-1 [5] . Briefly, human endometrial carcinoma (HEC-1A) cell monolayers were created on hanging transwell inserts. Electrical resistance across the wells, which ranged from 400 to 450 Ohms (1200-1500 Ohms/cm 2 ) at the start of the transcytosis assay, confirmed monolayer integrity. SIVmac251 and postvaccination, prechallenge serum (1:100 dilution) or IgG was added to the apical surface of the monolayers in media buffered to pH 6.0. After 12 hours, fluid in the lower chamber ("subnatant fluid"), maintained at pH 7.4, was collected and used to measure viral RNA copy number and infectivity on TZM-bl cells. For most experiments, the inoculum of SIVmac251 was 2 ng of p27; however, due to subsequent loss of infectivity in virus aliquots, 10 ng was used in 2 of 8 assays where transcytosis was quantified by reverse-transcription polymerase chain reaction (RT-PCR) and in 1 of 3 assays where infectivity of transcytosed virus was determined. The results of analyses that excluded the higher-inoculum assays did not differ substantially from the results reported herein (data not shown), which include all assays. In one set of experiments, the pH was varied to determine the range of pH values within which enhanced transcytosis occurs.
Immunohistochemical Staining for FcRn Expression
Tissue was fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and embedded in paraffin. Slides were subjected to an antigen retrieval step consisting of incubation in Reveal Decloaker (Biocare Medical Inc, Concord, CA) for 2 minutes at 125°C in the Digital Decloaking Chamber (Biocare Medical Inc, Concord, CA) followed by cooling to 90°C before rinsing in running water and Tris-buffered saline (TBS; 50 mM Tris and 150 mM NaCl). Endogenous peroxidase was blocked by incubating slides in 1% hydrogen peroxide for 20 minutes at room temperature before the antigen retrieval. Staining was carried out using rabbit anti-FcRn serum (a gift from N. Simister, Brandeis University) at 1:100 in antibody diluent (Dako Inc, Carpinteria, CA) or using normal rabbit control serum (Life Technologies, Grand Island, NY). Nonspecific binding sites were blocked by a 10-minute incubation in protein block (Dako Inc, Carpenteria, CA) before the primary antibody (ie, rabbit serum) incubation. The EnVision + system (Dako, Inc, Carpinteria, CA) was used according to the manufacturer's instructions to detect labeling of the primary antibody. TBS with 0.05% Tween-20 (Dako Inc, Carpenteria, CA) was used for all wash steps after the first antibody and the EnVision polymer. 3, 3′-diaminobenzidine (DAB) was used as the chromogen.
Counterstaining with Harris hematoxylin (American MasterTech, Lodi, CA) was applied after the development of DAB. Slides were visualized with a Zeiss Imager microscope (Carl Zeiss Inc, Thornwood, NY), and digital images were captured using a Zeiss Axiocam System (Carl Zeiss Inc, Thornwood, NY).
Statistics
Median values of repeated runs of transcytosis results were analyzed by Spearman rho to evaluate correlations with transmitted variant number, time-to-infection, and immunological parameters measured as part of the published animal study [4] . Median values were used to mitigate the effect of assayto-assay variability (Table 1) . However, when mean values were used, results were similar (not shown). Moreover, given the interassay variability (likely due to small variations in electrical resistance across the monolayer), we determined correlations between T/F variants and fold-increase in transcytoses for each assay separately. For each individual assay (8 assays for RT-PCR-based transcytosis quantification, including 3 in which infectious transcytosed virus was quantified), there was a significant correlation with T/F variant number (not shown). The relationship between serum transcytosis activity and infection status was evaluated by the Mann-Whitney U test. No corrections were made for multiple comparisons.
RESULTS
Enhanced
Transcytosis by Serum at pH 6.0 is Associated With the Number of Transmitted SIVmac251 Variants Following Immunization With ALVAC-SIV/gp120 or gp120
In order to investigate the role of antibody-enhanced transcytosis in determining the number of transmitted/founder strains after low-dose repeated rectal challenge, SIVmac251 transcytosis mediated by individual postvaccination, prechallenge macaque sera (diluted 1:100) at pH 6.0 was measured. Using results from only those animals that became infected (N = 19), there was a strong correlation between fold-increase in transcytosis and the number of transmitted variants (R = 0.86, P < .0001; Figure 1A ). This correlation was maintained when ALVAC-SIV/gp120-vaccinated animals (R = 0.94, Figure 1B ) or gp120-vaccinated animals (R = 0.75, P = .011, N = 11; Figure 1C ) were analyzed separately. Moreover, when results of all vaccinated animals, including those that remained uninfected (considered to have 0 variants) were analyzed (N = 23), these correlations were as strong or stronger (R = ≥0.81 in all cases) as those observed with only infected animals. Similar associations were observed when transcytosis was expressed as the percentage of the virus transcytosed relative to the inoculum of virus applied to the apical surface, a percentage that ranged from a median of 0.1 (with preimmune sera, not shown) to 1.63 with postvaccine, prechallenge sera ( Table 1) . The phenomenon of enhanced transcytosis of HIV-1-immune complexes at low pH was previously reported by us [5] . Similar to HIV-1, enhanced SIVmac251 transcytosis, using IgG purified from a separate group of animals infected with SIV, occurs between pH 4.5 and 6.5, with a maximum occurring between pH 5.5 and 6.0 ( Figure 1D ). The use of IgG confirms that enhanced transcytosis of SIVmac251, as is the case with HIV-1, is dependent on antibody [5] .
Infectivity of Transcytosed Virus Correlates With the Number of Transmitted Variants
Both the ALVAC-SIV/gp120 and the gp120 vaccines elicited low level neutralizing activity against SIVmac251 measured on TZM-bl cells, although neutralizing activity did not correlate with SIVmac251 infection or with the number of transmitted variants [4] . We found that virus transcytosed at pH 6.0 in the presence of serum remained infectious ( Figure 2 , Table 1 ), consistent with the low neutralizing activity of the sera. Moreover, the amount of transcytosed infectious virus (as foldincrease compared with preimmune serum) correlated with the number of transmitted variants (R = 0.87, P < .0001; Figure 2 ). Again, this correlation was observed in both ALVAC-SIV/ gp120-vaccinated animals (R = 0.94, P = .0036) and gp120-vaccinated animals (R = 0.88, P = .0007; data not shown). Similar correlations were obtained when data were analyzed as the percentage of transcytosed infectious virus compared to the infectious inoculum (not shown). Thus, postvaccination, prechallenge sera from monkeys with higher numbers of transmitted variants were better able to mediate the transcytosis of infectious virus across epithelial cells than were sera from monkeys with fewer variants.
Transcytosis is Inversely Correlated With the Number of Rectal Challenges
Because animals with higher numbers of transmitted variants were infected sooner [4] , we analyzed the relationship between the number of challenges and the serum transcytosis activity. In these analyses, we included animals that became infected and those that did not become infected after the last (fifth) challenge. Faster acquisition of SIVmac251 infection (ie, fewer challenges) was associated with transcytosis measured by PCR of subnatant fluid virus (R = −0.75, P < .0001, Figure 3A) or by the quantity of infectious virus in subnatant fluid (R = −0.68, P = .0005, Figure 3B ).
Serum From Animals That Were Vaccinated and Became Infected Had Greater Transcytosis Activity Than Those That Remained Uninfected
The challenge study revealed that 3 of 11 ALVAC-SIV/gp120-and 1 of 12 gp120-vaccinated animals remained uninfected after repeated low dose rectal SIVmac251 challenges [4] . We analyzed the serum transcytosis activity to determine its relationship with protection. We found that animals that remained uninfected (n = 4) had lower serum transcytosis activity determined either by PCR (P = .003, Mann-Whitney U; Figure 4) or by infectivity of transcytosed virus (P = .002; not shown). Sera from all 4 uninfected and only 1 of 19 infected animals fell below a cutoff of 3-fold increase in transcytosis (P = .0006, Fisher exact test).
Transcytosis and Other Immunological Assays
We also determined if serum transcytosis activity was associated with other immunological parameters measured in sera or secretions of study animals ( Table 2) . We found modest inverse correlations between gp140 binding levels measured in rectal secretions (n = 17) and serum transcytosis activity measured by RT-PCR (R = −0.54, P = .026) or measured by virus infectivity (R = −0.66, P = .0052). Lymphoproliferative responses to Env (n = 20) correlated inversely with transcytosis measured by RT-PCR (R = −0.60, P = .0065) or by virus infectivity (R = −0.49, P = .029); transcytosis activity also correlated inversely with Gag-specific lymphoproliferation and at a similar magnitude to that described above for Env. Other parameters measured, including gp120 binding activity, gp120 avidity, neutralizing activity, and ADCC activity were not significantly associated with serum transcytosis activity (P > .05; Table 2 ).
Expression of FcRn on Rectal Tissue of Macaques
A biological role for antibody-enhanced transcytosis in determining the number of transmitted variants after rectal SIVmac251 challenge would likely require the presence of FcRn in rectal tissues. Using anti-FcRn rabbit serum to visualize FcRn, we found positive staining in the rectal columnar epithelium of all four healthy rhesus macaques studied. Only the fully mature columnar epithelial cells forming the luminal surface of the rectal mucosa were FcRn-positive, whereas the immature epithelial cells lining the crypts and goblet cells were FcRnnegative ( Figure 5 ). In general, FcRn staining was orientated toward the basolateral surface of the mature epithelial cells; however, some staining was also found in the apical portion of the cells ( Figure 5 ). FcRn-positive cells were also located in the lamina propria of the rectum, especially subjacent to the surface mucosal FcRn-positive epithelial cells ( Figure 5 ). Many of these FcRn-positive cells had the bean-shaped eccentric nucleus and abundant cytoplasm characteristic of tissue macrophages. The remaining FcRn-positive cells were flattened cells lining vascular spaces, a morphology and location consistent with endothelial cells. Similar FcRn staining was found in all four macaques studied.
DISCUSSION
We have explored the possibility that antibody-enhanced transcytosis of SIVmac251 is associated with the number of transmitted/founder strains acquired after rectal challenge of vaccinated rhesus macaques. In the previously published rectal challenge study, there was an inverse correlation between the time-to-infection and the number of transmitted variants among animals vaccinated with either ALVAC-SIV/gp120 or with gp120 alone; no such correlation was observed among control animals [4] . Our principal finding is that the ability of postvaccination, prechallenge serum to mediate transcytosis of SIVmac251 in vitro is highly predictive of the number of variants that established infection. Moreover, the sera of animals that remained uninfected after vaccination and challenge mediated significantly less transcytosis than did the sera of animals that became infected. We also demonstrate the presence of FcRn in columnar epithelial cells facing the rectal lumen of healthy macaques.
Enhanced transcytosis in our in vitro system is observed in the presence of antibody and when the pH of the apical surface of the epithelial cells is maintained at 6.0 and the basolateral surface at 7.4. These conditions allow IgG-SIVmac251 complexes to form, to engage FcRn at the apical surface of the cells and to be released at the basolateral surface into the subnatant fluid [5] . Using the same in vitro conditions, we recently showed that FcRn is required for enhanced transcytosis of HIV-1 mediated by both neutralizing and nonneutralizing monoclonal and polyclonal antibodies [5] . As with HIV-1, SIVmac251 that is transcytosed in vitro can remain infectious [5] .
The strong correlation between SIVmac251 transcytosis, quantified either by RT-PCR or by virus infectivity, and the number of transmitted/founder variants suggests a role for vaccine-induced antibody in determining transmitted variant numbers after rectal challenge in vivo. In this regard, no other immunological parameter examined correlated with transmitted variant number in the challenge study [4] . In addition, the inverse association between variant number and timeto-infection occurred only among vaccinated animals, strongly suggesting that the vaccination itself is a determining factor [4] . It is important to underscore the fact that the enhanced transcytosis measured in our study is dependent on acidic pH at the apical epithelial cell surface. Therefore, if similarly enhanced transcytosis were to occur across the rectal mucosa after challenge in vivo, the mucosal surface should have a pH < 6.5. We did not measure the pH of rectal mucosa or secretions in the study animals. However, the normal pH range in the pigtail macaque rectum has been reported to be 5.5-8.0, and a similar range would be expected in rhesus macaques [8] . [5, 12, 13] . It is also possible that in vivo, infectious immune complexes enter epithelial cells through a mechanism independent of FcRn; FcRn might then engage with the complex within endosomes resulting in shuttling to the subepithelial tissue. In either case, our findings provide the first in vivo evidence of a novel mechanism of antibody-dependent enhancement of infection (ADE), wherein immune complex binding to FcRn might result in an increased number of transmitted/founder virus strains. On the other hand, we recognize that our assay results may be serving as a surrogate for some other antibody-mediated effect that is in turn associated with the number of transmitted founder strains. We also found that sera from animals that remained uninfected after vaccination and challenge had lower antibodyenhanced transcytosis than did those animals that became infected. This finding again suggests that the antibody response to vaccination can be involved deleteriously with infection outcome. However, our results present a conundrum because, on the one hand, it appears that one measure of vaccine-induced antibody, avidity, is associated with protection [4] , whereas another, antibody-mediated enhanced transcytosis, is associated with worse outcomes. Moreover, serum transcytosis activity correlates inversely, though modestly (and with P values that would be marginal or nonsignificant after correction for multiple comparisons), with other potentially beneficial antibody measurements, such as gp140 binding levels in rectal secretions and lymphoproliferative responses to Env and Gag. We have previously shown that the ability of antibody to capture infectious virus correlates with enhanced transcytosis [5] ; whether virus transcytosed in the presence of antibody is better able to infect susceptible target cells or not depends on the neutralizing activity of the antibody. In the macaque challenge study, neither neutralizing nor ADCC activity correlated with protection [4] . Thus, it remains unclear how avidity or capture measurements relate to functional antibody responses. It is also possible that Env-specific IgA or IgM, which were not measured, could influence FcRn-mediated transcytosis by competing with IgG for virion epitopes. More importantly, it is unclear how potentially deleterious functions, such as enhanced transcytosis, relate to beneficial activities and how vaccine strategies can be designed to separate good and bad functions.
It should be emphasized that the macaque rectal challenge study upon which our findings are based utilized direct application of SIVmac251 on the rectal mucosa. During receptive anal intercourse, HIV would be contained in semen, which would rapidly elevate the pH above the threshold at which FcRn engagement might occur [14] . In addition, rectal secretions have low levels of IgG, although virus is likely to be complexed with IgG from the semen [15] . Thus, our study may not be directly applicable to receptive anal intercourse. Nonetheless, our results suggest an in vivo role for FcRn-mediated transcytosis in the outcome of infection; such a role would more likely be applicable to male-to-female or female-to-male HIV transmission, which occur in the presence of acidic cervicovaginal secretions with IgG levels higher than those found in rectal secretions [5, 15, 16] .
In summary, we have shown a strong correlation between vaccine-induced serum transcytosis activity and the number of transmitted/founder variants acquired after rectal challenge of rhesus macaques. In addition, we have demonstrated the presence of FcRn in rectal columnar epithelial cells. These findings, together with our observation that prechallenge serum transcytosis activity is highest in animals that become infected, hint at the possibility that ADE, through an FcRn-mediated mechanism, could contribute to infection outcomes. Finally, these results add to a growing body of evidence suggesting a role for ADE in the outcomes of some monkey and human lentiviral infection studies [4, [17] [18] [19] [20] [21] .
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